A column consisting of algal biosorbents like agar-agar, alginic acid, calcium alginate and Spirulina platensis biomass entrapped in polyurethane foam matrix was designed and tested for the removal of As(V) from the aqueous medium. The performance of the column was studied in terms of removal efficiency, metal sequestered in the column during a specified time and biosorption capacity. The observations recorded during the study showed that the removal efficiency of As(V) after 60 min of treatment varied from 0.7 to 45.0% for 25-100 μg/L initial concentrations. The best removal efficiency of As(V) was exhibited by agar-agar and S. platensis biomass combination (45%), whereas agar-agar alone showed only 18.0% removal efficiency at 25 μg/L initial concentration. The biosorption capacity of As(V) varied from 108 to 694 μg/g for 25-100 μg/L initial concentration and the highest value (694 μg/g) was recorded for agar-agar and S. platensis biomass combination. This value was 20% higher than agar-agar alone (556 μg/g) after 60 min of treatment time. The results of the present study suggest that physical entrapment of an appropriate combination of algal adsorbents in polyurethane matrix offers a cost-effective solution for the treatment of water contaminated with arsenic.
INTRODUCTION
Microbial biomass as biosorbent for heavy metal removal has gained popularity because of its lower cost and effectiveness for effluents with low concentration of heavy metals (Lu & Wilkins ) . Among the various biomaterials tested, heavy metal biosorption capacity of algae has been proved to be higher when compared to other microbes such as yeast (Seki et al. ) and fungi (Sari & Tuzen , ; Wang et al. ) . Heavy metal ions have an affinity towards functional groups like carboxyl, sulfhydryl, amino, etc.; therefore, the compounds with these functional groups can sequester heavy metal ions present in the medium. A comparative description of the important features of various metal-binding groups present in microbes including algae is presented in Table 1 . There are many reports pertaining to the use of various synthetic (polyacrylates, polyurethanes, polyethers) and biological materials (polysaccharides, alginate, carrageenan, agar-agar, etc.) for entrapment of biomass (Vannela & Verma ) ; however, the research on removal of arsenic using physically entrapped algal adsorbents is still in a preliminary stage. The advantage associated with the physical entrapment of algal biomass is the easier process of repeated biosorptiondesorption which makes the biosorption technologies more economical.
In literature, an appreciable volume of data is available on the biosorption of heavy metals in batch mode by microorganisms viz., fungus, Aspergillus fumigatus; alga, Ulothrix cylindricum; cyanobacterium, Spirulina platensis (Rangsayatorn et al. ; Wang et al. ; Tuzen et al. ) . Most of the studies mentioned above have been conducted in batch mode, which are usually limited to the treatment of small quantities of wastewater. There is a need to perform detailed studies on biosorption of heavy metals in column mode (Low & Lee ) as the base-line information on column mode studies is still scarce and the investigations are still in their infancy (Zhang & Banks ) . The use of polyvinyl and polyurethane (PU) foams as effective material for the entrapment of algae such as Scenedesmus obliquus has been reported (Urrutia et al. ) . Earlier reports suggest that Scenedesmus quadricauda in carageenan (Chevalier & De la Noue ) and S. platensis in alginate (Rangsayatorn et al. ) are efficient in heavy metal removal in batch experiments. S. platensis used in the present study was selected on the basis of the characteristics like higher growth rate and shorter doubling time, well established culture methods for commercial scale production in rural areas, and the availability of the dried powder of the alga in most of the places in developing countries including India.
During this investigation, an attempt was made to develop a low-cost and feasible and user-friendly technology for the removal of arsenic using polyurethane blocks with entrapped biomass of S. platensis in column mode. It involved the designing and preparation of a column-bed reactor with S. platensis loaded polyurethane blocks and an assessment of column performance on the basis of adsorption efficiencies 
MATERIALS AND METHODS
Suitable disc for the entrapment of S. platensis biomass Polyvinyl foam and PU foam were tried for the entrapment of S. platensis (dry biomass) for arsenic removal. Initial experiments were carried out to study the entrapment capacity of S. platensis over both the materials to select the best one. It was observed that polyurethane foam has higher entrapment capacity for algal compounds including S. platensis biomass (data not presented); thus, further studies were carried out with PU foam only.
Designing and preparation of fixed-bed column filtration unit
The filtration unit used for the present study consisted of two compartments and a vertically placed column fitted in an opening at the overlapping surface (Figure 1 ). The upper compartment served as a reservoir for the heavy metal solution to be treated. The volume of this compartment was 20 L. The lower compartment was of 80 L capacity. A window was made in the lower compartment for the collection of samples at periodic intervals. Locally available PU foam of 185 × 91 × 5 cm was used for the preparation of PU foam discs of 5 and 15 cm diameter. These discs were packed in Column I (diameter: 5 cm; number of discs packed: four) and Column II (diameter: 15 cm; number of discs packed: two). The algal compounds (agar-agar, alginic acid and calcium alginate) and S. platensis biomass were entrapped in polyurethane matrix by absorbing the aqueous solution of algal adsorbent/biomass on the PU matrix of specified size. The total quantities of algal compounds (agar-agar, alginic acid and calcium alginate) and S. platensis dried biomass entrapped in PU foam disc for column preparation are presented in Table 2 . The matrix imbibed with the solution of algal material was dehydrated at 100 W C for 6 h to facilitate uniform distribution of the adsorbent throughout the matrix. The dried PU foam with known quantity of biomaterial entrapped in the matrix was used for the experiments.
Column-bed adsorption experiment
The adsorption study was carried out for 25, 50, 75 and 100 μg/L initial concentrations. The solutions of above concentrations were prepared by using As(V) stock solution (1,000 mg/L, Merck, Germany). Duration for the experiment was 1 h and water samples were collected in triplicates in polypropylene bottles at 15-min intervals after passing through the column. The flow rate was fixed at 65 ± 2 mL per minute. Before use, all the bottles were cleaned properly by soaking in diluted hydrochloric acid for 6 to 8 h followed by washing with metal-free water.
Digestion and analysis of samples
Water samples were digested using a microwave-based closed vessel (Anton Parr, USA) and analyzed by FI-HG-AAS, flow injection-hydride generation atomic absorption spectrometry (AAnalyst 800, Perkin Elmer, USA). The results are expressed as μg/L and the variation within the triplicate water samples was less than 5%.
Removal efficiency
The removal efficiency (Amin et al. ) at 30-min and 60-mine intervals of different column-beds was calculated using the following equation:
where, C 0 and C e were the concentrations of metal before and after the treatment.
Biosorption capacity
The biosorption capacity (Zhang & Banks ) of the biomass combinations was calculated by dividing the metal sequestered in the column (M b ) by the mass of biomass in the column (M):
where, m b can be calculated by the following equation
where, C 0 is the initial metal concentration, C i is the metal concentration of the i th fraction and V i is the volume of i th fraction. 
RESULTS

Biosorption of arsenic (V)
Removal efficiency A comparison of removal of As(V) from the solution at varied initial concentrations after 30 min of treatment showed a pronounced effect of initial concentration on percent removal of the metal. S. platensis (dried biomass) exhibited the best removal efficiency for As(V) at 25 μg/L concentration (35% removal), whereas a combination of calcium alginate and S. platensis biomass resulted in 24% removal of the metal. There was a considerable increase in removal of As(V) at 50 μg/L initial concentration of the metal where 47% removal was evident for agar-agar. This value was more than two-folds higher than dried S. platensis biomass. The values were less than 20% for other biosorbents.
Among the biosorbents used during the present investigation, the combination agar-agar and S. platensis biomass showed highest extent of removal of arsenic (45% removal at 25 μg/L initial concentration of As(V), treatment time: 60 min). The combination calcium alginate and S. platensis biomass combination also exhibited an appreciable (39%) at above initial concentration of As(V) (Figure 2 ).
Quantity of Arsenic (V) sequestered in the column bed reactor at different time intervals with different initial concentrations
At 25 μg/L: A time course study on the quantity of As(V) sequestered in the column during different time periods, i.e. 0-15, 15-30, 30-45 and 45-60 min indicated that S. platensis biomass sequestered the highest quantity of the metal during the first 30 min of the treatment. The quantity sequestered during this period was almost similar and ranged between 14 and 15 μg. Agar-agar and alginic acid showed the highest sequestration of the metal during 30-45 min whereas the combination of alginic acid and S. platensis biomass showed the highest value at 45-60 min duration.
At 50 μg/L: Calcium alginate and S. platensis biomass combination exhibited the highest sequestration of the metal during the first 15 min of treatment; 15 μg metal ions were sequestered during this duration. During 15-30 min, the highest sequestration was exhibited by agar-agar followed by alginic acid (19.02 and 18.66 μg for agar-agar and alginic acid, respectively). Among all the biosorbents, the highest sequestration was observed in agar-agar (23.18 μg) during the 30-45 min interval.
At 75 μg/L: The highest value of sequestration of As(V) ions was recorded for alginic acid (25.09 μg) during the At 100 μg/L: There was a considerable increase in the sequestration of As(V) at 100 μg/L initial concentration. Calcium alginate showed the highest extent of sequestration (43.39 μg) during the period 15-30 min followed by a combination of calcium alginate and S. platensis biomass which sequestered 38.93 μg of the metal ions during the first 15 min (Figure 3 ).
Biosorption capacity
Biosorption capacity of the tested materials showed an increasing trend with the increase in initial concentration of As(V) in 25-100 μg/L range. It was evident from the results that the biosorption capacity of the materials used in the present study ranged between 108-190 μg/g at 25 μg/L initial concentration. The biosorption capacity was the highest in case of calcium alginate and S. platensis biomass combination (190 μg/g) followed by alginic acid and agar-agar showing an almost similar extent of biosorption capacity (180 μg/g). Calcium alginate showed the minimum biosorption capacity (100 μg/g) among all the biosorbents studied. There was a 2.65-fold increase in biosorption capacity of agar-agar at 50 μg/L initial concentration of As(V) with respect to 25 μg/L initial concentration. Agar-agar exhibited the best biosorption capacity at 50 μg/L concentration of As(V). However, the highest biosorption capacity (694 μg/g) was recorded for the combination of agar-agar and S. platensis biomass at 100 μg/L initial As(V) concentration. Calcium alginate and the combination of calcium alginate and S. platensis biomass also showed almost same values (661 μg/g) at this initial concentration.
Overall observations suggest that agar-agar, calcium alginate, combination of agar-agar and S. platensis biomass, and the combination of calcium alginate and S. platensis biomass showed the best adsorption capacity at 100 μg/L concentration of As(V), whereas, alginic acid, S. platensis biomass, and the combination of S. platensis biomass and alginic acid exhibited the best biosorption capacity at 75 μg/L initial concentration. The difference in biosorption capacities varied within a narrow range at lower concentration (25 μg/L) of As(V) as the biosorption capacity ranged between 147 and 190 μg/g except in the case of calcium alginate which showed the lowest value (108 μg/g) of biosorption capacity (Figure 4) . 
DISCUSSION Algae as biosorbent for arsenic removal
Arsenic is a metalloid of great environmental concern (Tuzen et al. ). The biosorption technique was selected for the present study as biomaterials have a mosaic of metal ion binding sites which include amines, carboxyl groups, thiol groups and unmethylated pectins. The biosorption capacity of algae is the highest as compared to other microbial species (fungi, bacteria, etc.) because algal cell walls are composed of fibre-like structure and an amorphous matrix of various polysaccharides that can effectively bind with heavy metals. Further, the algal compounds such as alginic acid and calcium alginate have also been used for heavy metal removal in batch mode (Bayramoglu & Arica ) .
In literature, the results related to the integrated application of algal biomass and pure forms of algal compounds in column mode study are very few. Therefore, there is a vast gap in knowledge regarding the application of algal biomass in combination with a known concentration of algal compound for heavy metal removal under column mode studies (Zhang & Banks ) .
Cost effectiveness of PUF-based column bed reactor
The column bed reactor designed during the present study was fabricated using low-cost materials like polyethylene, polyvinylchloride pipes and nylon cloth, and the average cost of a unit (4 L/h flow rate) was calculated to be 500-600 Indian Rupees (US $ 11-13). The unit can easily be fabricated using household tools and requires little technical skills; however, the entrapment of the algal compounds and S. platensis biomass requires a small setup with weighing and drying facilities. Thus, it is suggested that PU loaded with appropriate quantity of algal compounds and S. platensis biomass can be produced in a separate unit and supplied in the market at reasonable price. Further, the cultivation of S. platensis is a cumbersome process with heavy investment; therefore, dried S. platensis powder available at a price of 400-600 Indian Rupees (US $ 9-11) per kg can be used for column preparation. This will enhance the cost of construction of the filtration unit but considering the small quantity of the algal compounds and S. platensis biomass required for column bed preparation, the overall cost will not vary to a greater extent.
Biosorption of As(V)
The initial experiment on biosorption of As(V) using the column bed unit with various compounds and S. platensis biomass indicated that the downward movement of entrapped biomass occurred when the untreated water passed through the column. However, when agar-agar, alginic acid and calcium alginate were loaded on the column prior to entrapment, the Spirulina biomass was not only uniformly distributed throughout the column, but was also attached to the matrix firmly. The PU material used in the study showed an affinity for As(V) ions but the binding of the metal ions was weak and the adsorption of the ions lasted for less than five minutes; therefore, the adsorption of ions by the matrix was negligible. The removal efficiency at graded concentrations of As(V) showed a non-linear trend for each adsorbent. Agar-agar expressed the best removal efficiency (47.01%) at 50 μg/L initial concentration after 30 min treatment time. However, the removal efficiency dropped to 12 and 14% levels at 75 and 100 μg/L concentrations, respectively. Similar trend was observed for other compounds except calcium alginate, where removal efficiency varied in a concentration-dependent manner showing the maximum value (35.57%) at 100 μg/L concentration. The non-linear response to increasing concentration of As(V) suggests that the adsorption of metal ions may also be accompanied with a lower extent of desorption during the first 60 min.
A comparison of biosorption capacity of various algal adsorbents with reference to dried S. platensis biomass reveals that the values for the above parameter were higher by 242.10, 121.88 and 287.29% for agar-agar, alginic acid and calcium alginate respectively. A similar trend was observed for the combinations of various algal materials where the values were higher by 302.37, 141.78 and 288.16% for combinations of agar-agar and S. platensis biomass, alginic acid and S. platensis biomass and calcium alginate and S. platensis biomass respectively. The comparison of the values indicates that biosorption capacity of the combination of agar-agar and S. platensis biomass was considerably higher (302.37%) than the control (S. platensis biomass). This observation clearly indicates that an appropriate combination of algal adsorbents has a higher efficiency for arsenic removal than a single compound.
The reported value of biosorption capacity of green alga, U. cylindricum for arsenic in batch mode is 67.2 mg/g (Tuzen et al. ) at an initial concentration of 10 mg/L. This value is many times lower than that obtained for S. platensis biomass in the present study. However, the above workers have used higher biomass (45 mg in present study in contrast to 4 g by above workers) and also the experiment was not conducted in column mode. Further, the initial concentration of arsenic for the above study was 10 mg/L, whereas, the initial concentration maintained during the present study was significantly lower (25-100 μg/L). Thus, it is evident from the results that algal biomass and algal compounds individually or in combination are effective for the treatment of water with low arsenic concentrations.
The study performed on biosorption capacity of different biomaterials at graded initial concentrations of As(V) showed a variable trend. All the algal compounds except calcium alginate showed a non-linear trend. The plausible reason for the observed non-linear trend could be the lower frequency of contact between the metal ion and the adsorption site on the algal material at lower concentrations due to sparse distribution of metal ions in the solution. Further, in the column mode with high flow rate (65 ± 2 mL/min in the present study) and low ionic concentration (25-100 μg/L) of As(V), there is a possibility of desorption of a fraction of the adsorbed ions during the initial period of the treatment resulting in a non-linear trend of adsorption.
In an earlier investigation, Sathishkumar et al. () reported that the use of the biomass of A. fumigatus treated with FeCl 3 for As(V) removal shows a biosorption capacity of 54 μg/g biomass at 25 mg/L initial concentration. This value is 3-4 times lower than the values obtained for S. platensis during the present study. A ten-fold higher biosorption capacity in comparison to the above value was observed when 150 mg of algal compounds (agar-agar, alginic acid, calcium alginate) and S. platensis biomass (45 mg) was entrapped in the matrix. This phenomenal increase in adsorption can be attributed to the bilayered arrangement of the biosorbent molecules in the matrix and the pre-coating of the matrix with algal compounds which facilitates a firm binding of dry S. platensis biomass in the matrix.
The data obtained during the present study suggest that the entrapment of the S. platensis biomass along with algal compounds such as agar-agar, alginic acid and calcium alginate can enhance the biosorption capacity of the column to a considerable extent.
CONCLUSION
On the basis of the observations, it is concluded that the algal compounds like agar-agar, alginic acid, calcium alginate and S. platensis biomass are suitable biosorbents for the removal of As(V) metal ions in column mode. The result suggests that PU-based entrapment technology has enough scope for further up-scaling by increasing the size of the PU matrix, the quantity of algal compounds and the S. platensis biomass. Because of the simple design and easy fabrication, the filtration unit developed under the present study can be recommended for the treatment of water containing As(V) in the rural areas of developing countries where it creates severe health problems.
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